Abstract: Novel state-of-the-art designer loudspeaker solutions offer "invisible audio" applications by applying a relatively small transducer onto glass or wooden plates, surfaces such as windows, tables, doors etc. Although manufacturers promise high quality transmission and good technical parameters, reliable measurement data do not exist. In our former evaluation, the SolidDrive system with glass membrane of different shapes, sizes, fixation methods was analyzed using vibration analysis, acoustic measurements and numerical simulations in COMSOL/FEM. This paper presents experimental results of standardized speech intelligibility measurements as well as subjective evaluation of the system.
Introduction
Loudspeakers in general are based on the same electromagnetic principle. A light weight membrane is moved by the coil oscillating in the magnetic field driven by the electric current. In order to avoid acoustic short circuits and to extend the frequency range, speakers are built into cabinets (closed, bass-reflex, loaded horn etc.). Newly designed solutions offer unconventional types of sound reproduction, often called "invisible audio" [1] [2] [3] . In this case, sound transducers of the same electromagnetic principle are manufactured and sold as stand-alone exciters without membranes. They can be attached to various surfaces, usually by gluing them on glass plates or screwing them on to wood, such as windows, tables, doors etc. This technique allows unique installations and applications by avoiding the need for large cabinets and by integrating the real sound source into or onto various equipment already installed in the environment. However, relatively low signal pressure levels (sensitivity), limited and unbalanced frequency response and high costs restrict their applicability to special needs, designer solutions and commercial purposes. Furthermore, manufacturers provide limited access to technical information and measurement results of technical parameters in their commercial literature, thus, it is difficult to decide whether a particular device is able to meet a customer's needs. The goal of our investigation was to test a commercially available transducer applied to various surfaces. This included vibro-acoustic measurements using multi-channel accelerometers, measurements of acoustic parameters and comparative evaluation based numerical simulation using FEM models in COMSOL [4, 5] . As mentioned, there is only very limited technical information about the system. Most of the parameters cannot be measured without a membrane being attached to the transducer, so the general description of only the transducer of such systems -e.g. about frequency response or directional characteristics -does not provide reliably useful information. Acoustic and vibration measurements are time-and cost-expensive. Therefore, numerical simulations and FEM-based modelling seem to be an adequate alternative for estimating some of the technical parameters for real-life applications: the effect of membranes of different shapes, mass, material, fixing methods etc. can be evaluated without actual measurements.
The rest of the paper is organized as follows. Section 2 gives a short overview about the measurement setup including the objective and the subjective tests. Furthermore, the basic speech intelligibility tests are introduced for selection. Section 3 presents the results of the MRT, SIL and music transmission tests. Section 4 discusses the findings and future works will be highlighted in Section 5.
Measurement setups

Objective evaluation and former results
In our former study, in order to test the simulation method's reliability and the technical parameters in comparison the transducer was applied to various glass surfaces for vibration and acoustic measurements in parallel with a corresponding FEM simulation. Based on these studies, recommendations were given for applications comparing benefits and disadvantages [6] [7] . These can be summarized as follows:
 Numerical simulation supports real measurement results, thus, estimations based on FEM modelling can be an alternative solution to measurements.
 Frequency response from 200 Hz -10 kHz can be realized with almost plane wave propagation.
 The relatively low sensitivity limits the range of propagation and the SPL (nonlinear distortion).
 Placement of the transducer on the plate and fixation methods of the plane do not bias measurement results significantly.
 The system is not able to replace conventional loudspeaker setups if high quality playback is needed. 
Subjective evaluation
Objective measures can predict musical and speech transmission quality of the system. Still, subjective evaluation of playback systems play a significant role in customers' judgments and selection criteria. The final step of this survey included the following evaluations:
 measurement of speech intelligibility (SI) based on standardized methods for German language in listening tests,  estimation of the Speech Transmission Index (STI) based on Speech Interference Level (SIL) measurement and  subjective evaluation of music playback with and without an additional subwoofer.
For the listening tests the following measurement setup was installed in an anechoic chamber. A formerly introduced glass plate of 76*76*0.8 cm (see Fig.2 .) was placed on rubber legs in front of the listener. Simultaneously, another exciter of the same model was fixed by screws under the surface of a wooden table of 55*130*2.5 cm. A Yamaha DSP-A2 audio amplifier and a studio monitor loudspeaker for reference were used. Subjects were sitting on a comfortable chair at the table facing the glass plate and a tilted computer screen. They could respond via the screen by clicking with a wireless mouse. Figure 3 shows the installation. Signal level at the listening position was set to be equal for all three radiators at 65dB(A) L eq using white noise. The level could be adjusted in 1 dB steps. 12 female and 20 male subjects participated between 16 and 35 years (mean 24) in 30-minute sessions. For the music test, an additional closed-type subwoofer of 15 litres volume was installed under the table that could be switched on and off by the subject. One session included three one-minute tracks with 10 seconds of intermission. All three tracks were played back for every listener twice (on glass and on wood). These three tracks were selected to represent different bass content, characteristics and tonality of female voices. Figure 4 shows the transfer characteristics of the wooden table with and without subwoofer support. As expected, the low frequency region between 30-80 Hz can be amplified by the subwoofer.
Speech Intelligibility
Speech intelligibility (SI) can be measured with different methods, usually in the frame of room acoustics and clinical audiology [8] [9] [10] . SI is a number between 0-100% and it is different for one syllable, multiple syllable words or sentences. The quality of the speech signal, transmission, subject group etc. also influence the results. Subjective tests can be 'open' where perceived words have to be repeated by the listener or 'closed' where listeners select from a collection of possibilities (forced choice). Table 1 shows comparative summary of different measurement methods corresponding to subjective levels on the left. In medical audiology only subjective testing methods are used targeting the determination of the speech intelligibility threshold, that is, the SPL (dB) where intelligibility is 50%. 
Figure 4. Transfer characteristics of the exciter fixed on the wooden table without (upper) and with subwoofer support (lower). The frequency range between 30-80 Hz is elevated.
Several standardized tests exist for subjective measurement for German language, for example the Freiburger test uses 20 one-syllable words and 10 lists containing 10 numbers [11, 12] ; the Marburger test for children [13, 14] ; the Göttinger test with meaningful sentences created from 5 words [15, 16] or the Oldenburger test with meaningless sentences [16] [17] [18] . Based on different considerations and limitations of the measurement system and procedure the so called Modified Rhyme Test (MRT) was selected for the subjective evaluation [19, 20] . It uses six-word lists of rhyming or similar-sounding monosyllabic words. Each word is constructed from a consonantvowel-consonant (CVC) sound sequence, and the six words in each list differ only in the initial, the final consonant sound or the vowel. Listeners are shown a six-word list and then asked to identify which of the six was spoken. A carrier sentence can be also used. MRT test results indicate errors in discrimination of both initial and final consonant sounds. Listener responses can be scored as (1) the number of words heard correctly, (2) the number of words heard incorrectly or (3) the frequency of particular confusions of consonant sounds. Examples for German, English and Hungarian MRT lists can be seen in the appendix. In our test, the German database was used assisted by a user interface from the University of BTU Cottbus that is free to download [21] . Figure 5 shows a screen-shot of the application. For recording the speech database, all words were read seven times by a native German male speaker and the best examples were selected for the test after normalizing the levels. Every subject received a 24-word list four times, using glass and wood, and with a low and a high presentation level respectively. There is also a language independent objective measurement for speech intelligibility estimation, called Speech Transmission Index (STI) and Speech Interference Level (SIL) [22] [23] [24] [25] [26] [27] [28] . For the STI measurement, loudspeakers and microphones are needed. Excitation signals contain seven octaveband noises between 125 Hz and 8000 Hz, amplitude modulated by a modulation signal of 0,63-12,5 Hz. The STI is recommended if the transmission properties of the playback system and background noise, echo have to be taken in account. In case of room reverberation time less than one second, the STI can be calculated from the measured SIL as follows:
4 STI = (0,1 SIL + 0,9)
For the SIL measurement the same pre-recorded speech signals were used. During the measurement, a presentation level varying from 20 to 65 dB was set and the resulting STI estimation was plotted directly. Due to the anechoic environment in our measurement setup, the STI could be calculated based on the SIL measurement.
Results
Modified Rhyme Test
For the MRT test, the German wordlist was selected (see Appendix). In contrast to the English test and other wordlists, this contains 5-word sub-lists. In order to reduce the probability of guessing in case of misunderstanding, the sixth possibility was set to "no answer". In the case of 6-word lists, subjects click an answer if they are not sure with a probability of 1/6. Thus, results are usually re-calculated and weighted using different methods. In our case, this was avoided by introducing this sixth possibility. For control purposes, a short white noise signal was also played back randomly in the tests. During the test 1691 false answers were recorded and from this subjects selected "no answer" only 686 times. On the other hand, if the white noise sample was used, subjects never clicked any of the word options, so white noise was really easy to detect. Table 2 shows mean values and standard deviations for all three radiators for the initial, final consonant and the vowel. The last column shows the weighted (corrected) values. The relatively large standard deviation is due to the short wordlist and low presentation level. If the presentation level is high enough for the weighted SI to be greater than 50%, the vowel component can be recognized easily. Furthermore, there is no significant difference between the initial and final consonants. Comparing weighted SI values of 73,04% with 74,77% there is no benefit for any of the SD transducers and the results are only slightly below the results of the studio reference loudspeaker. If presentation level is low and SI is below 50%, differences become greater. Although the vowel can be recognized the best, rates are much lower than previously. Furthermore, the final consonant can be recognized better than the initial one, especially with glass. The summarized comparison shows a much better performance for the weighted SI using wood (38,24%) than glass (24,39%). Wood was even superior to the reference loudspeaker.
Table 2. Mean and STDV values for all three radiators for high presentation level (top) where intelligibility is between 50-100% and for low presentation level (bottom) where intelligibility is lower than 50%. LS is studio reference monitor, SDg is a glass and
Figure 6. SI as function of presentation level of the reference loudspeaker (yellow), transducer on glass (blue) and transducer on wood (red).
Using all radiators in the MRT, the 98% intelligibility rate could be achieved using wood as membrane at 45 dB(A) SPL and using glass at 41 dB(A) indicating no significant difference between these mediums (Fig. 6 ).
SIL measurement
During the objective measurement, the SIL (and thus, the STI) increases rapidly as SPL increases from 20 dB(A) to 65 dB(A). An STI of 0,75 is reached at 47 dB(A).
Figure 7. Curves of SLI transformed to STI values as function of presentation level.
At higher presentation levels, wood performed somewhat better than glass. As expected, standard deviations are higher at lower signal levels. Both SIL and calculated STI increase rapidly above 30 dB(A). These results are in agreement with the MRT results.
Music transmission
The evaluation of overall music transmission quality was based on a ranking in five steps where 1 point corresponds to "insufficient", 2 to "poor", 3 to "acceptable", 4 to "good" and 5 to "excellent". Bass transmission, however, used only three steps from 1 to 3 points.
In overall quality based on all tracks, glass was superior to wood, being "above average" for about 70% of the listeners. The same evaluation for wood showed a result of 45% and "average" was selected most frequently.
Figure 8. Relative frequency of answers for overall quality (left) and for bass transmission (right) for glass (blue) and wood (red).
In bass quality wood was superior to glass without subwoofer support. Wood was classified as excellent for about 52% as long glass was only for 33%. 45% of the listeners would suggest subwoofer extension in case of wood, and 60% would suggest it in case of glass. Asking an informal question, users suggested they would even pay extra money to have subwoofer extension. Results depend on the tracks: more bass content in the music (track3) reveals the subjective need for subwoofer support.
Discussion
Speech intelligibility tests usually target subjects instead of equipment. This means, one subject will be evaluated using different presentation methods of speech samples, so focus is on the abilities of the subject. In our case the opposite happens, the sound transmission quality of a transducer was evaluated by several subjects for whether or not it is able to produce good speech and music transmission.
In the subjective MRT wood performed better than glass if the signal level (thus, the signal-to-noise ratio) was low. With an appropriate signal level, both performed almost equally as well and the studio reference loudspeaker in the anechoic environment. The 98% SI could be reached around 40-45 dB signal level and also the estimated STI for excellent values was around 47 dB. In summary, for speech transmission, a signal-tonoise ratio greater than 50 dB would result in a sufficient SI supporting the manufacturer's claim.
There was also no significant difference between the membranes during music playback. Although they produce relatively low sound pressure levels and they cannot overperform high quality loudspeakers, it is an acceptable option for short distance radiation, such as sitting at a table or near to a window. Using a subwoofer extension may increase the subjective impression further.
It was interesting that subjects reported to be able to detect the location of the transducer on the vibrating plate. They could actually hear where the transducer was placed (screwed) on the table from below. However, this fact did not influence their judgments.
Although not used in the current evaluation, the Hungarian word list was developed based on the German test. In order to represent the relative frequency of the consonants and vowels related to Hungarian language word lists shorter than 5 words are also included. A test using this list, however, would need different presentation and evaluation methods as it differs from the usual MRT lists.
Beside the numerous advantages of this loudspeaker system, some disadvantages have to be listed as well. Independent of the membrane's material we get high costs, low sound pressure levels, fluctuating transfer function and low transmission below 200 Hz and above 12 kHz. Although not measured directly, if the radiated sound was set to "comfortably loud", non-linear distortions of the transducer and the vibrating surface become audible. The vibrating transducer can be easily overdriven. Furthermore, installation of multiple transducers on the same surface can have unexpected effects due to interferences, standing waves etc., and stereo or multi-channel transmission may not be applicable.
Future work
Future work includes comparative evaluation of intelligibility of German and Hungarian speech samples. It is expected that using the same testing method no significant difference will appear, that is, databases of results can be merged and evaluated combined, furthermore, that the Hungarian corpus for this test can be used in other similar tests in the future. The sound data base containing these words will be recorded by a native Hungarian speaker as high quality mono sound samples.
As an informal study, future work includes the system installed for a longer time period on a shop-window in a crowded pedestrian zone in the city center. The window will be used as membrane "speaking" to pedestrians and customers, airing some kind of commercial. Shop assistants and customers will be interviewed about this potential solution.
Conclusion
Transmission quality of sound transducers applied on wooden and glass membranes was evaluated based on objective and subjective measures. The objective measurement included a SIL measurement installed in the anechoic chamber. From this, STI estimation could be made resulting in a satisfactory value of greater than 0,75 in case of a presentation level of more than 47 dB. The subjective evaluation using the modified rhyme test in German language supported these results as 98% of SI could be reached at 41 dB and 45 dB respectively. It can be concluded that an overall signal presentation level about 45-50 dB greater than background noise could be sufficient in non anechoic environments as well. This signal-to-noise ratio can be achieved in indoor environments.
Using three different one-minute music samples of different genres and bass content, both membranes were judged as average or better for music transmission even without an additional subwoofer support. Although glass performed somewhat better in overall music quality than wood, focusing on bass transmission, wood was better. A subwoofer extension for a better bass quality is suggested.
This study was aimed at a subjective evaluation that extended former objective acoustic and vibration measurements and numerical simulations. Summarized results support the manufacturer's recommendations and measurement results by offering alternative sound production solution if "invisible audio" issues are present.
Examples of the German, English and Hungarian rhyme test corpus can be found in Table 3 
